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Introduction
On February 15, 2013, at 9:22 am, an exceptionally bright and long-duration fireball was observed by many eyewitnesses in the Chelyabinsk region, Russia [1, 2] . A large-sized object with a relatively low mass-loss rate and shallow atmospheric entry angle led to a very long trail. The fireball was observed in the Chelyabinsk, Kurgan, Orenburg, Tyumen, Ekaterinburg, Kostanay, and Aktobe regions, and in the Republic of Bashkortostan, Russia, and in Kazakhstan. The event was recorded by numerous video cameras from the ground and was also imaged from space by the Meteosat and Fengyun satellites [3] . A strong shock wave associated with the fireball caused significant damage including broken windows and partial building collapses in Chelyabinsk and the surrounding territories.
Two days later the first fragments of the Chelyabinsk meteorite were reported to be found around Pervomaiskoe, Deputatsky, and Yemanzhelinka, located approximately 40 km south of Chelyabinsk. Successful search campaigns in this area were organized by the scientists from the Ural Federal University as well as by the Laboratory of Meteoritics of the Vernadsky Institute, Russian Academy of Science. Numerous meteorite samples were also recovered and collected out of snow by local residents before a subsequent extensive snowfall. The majority of fragments are composed of relatively small pieces, with the largest officially reported being 3.4 kg as of this publication. The largest piece in the Ural Federal University collections is a 1.8 kg sample no. A50 (Fig. 1) . A large amount of additional material was collected on the ground along the fireball track after the snow melted at the end of April and in May 2013. The total collected mass of the Chelyabinsk meteorites exceeds 100 kg.
As more meteorite samples were collected, it became apparent that multiple types of material are present. The recovered meteorites are composed of either light-colored or dark-colored (shock-darkened) lithology [1] . Additionally, dark impact-melt is being present in varying amounts within light-and dark-colored stones. Impact-melt is distinct in appearance from the dark-colored (shock-darkened) lithology and is distinguished as a third lithology type. Some meteorites contain significant portion of this impact-melt lithology (Fig. 2) . However, the light-and dark-colored (shock-darkened) lithologies were (up to our knowledge) not found together within one meteorite. According to the computations by Yeomans and Chodas [4] , the initial diameter of the meteoroid (or a small asteroid) was approximately 17-20 m with a mass of approximately 11 × 10 6 kg. This object is the largest observed celestial body colliding with the Earth since the Tunguska event in 1908.
In this study, we report physical properties (bulk and grain density, porosity, and magnetic susceptibility) of 49 individual Chelyabinsk meteorites from the Ural Fed-eral University collections, Ekaterinburg, Russian Federation. Detailed mineralogical and spectral characterization of two samples (representing the light-colored and dark-colored lithologies, both with impact-melt veins) is presented to determine and explain the differences between the lithologies. Finally, the origin of the Chelyabinsk meteorites and their parent body history are briefly discussed.
Materials and methods

Mineralogy and chemistry
The mineral composition was determined at the Department of Geosciences and Geography, University of Helsinki, with a JEOL JXA-8600 Superprobe using standardcalibrated energy-dispersive spectrometry (EDS) on a nitrogen-cooled Si(Li) detector. Two samples (the light-colored and dark-colored lithologies) were polished and carbon-coated prior to the measurements. Matrix correction was performed with the XMas software using the PAP correction method. A combination of natural and synthetic silicate and oxide standards was used for calibration. The accuracy was determined by cross-analyses of standard materials and was better than 2% for the major elements (>10 wt%) and better than 5% for the minor elements (1-10 wt%). Oxygen was calculated by stoichiometry. The analysis conditions were 15 kV accelerating voltage, 1 nA beam current and 100 s acquisition time per spot with a focused beam. Altogether, 116 spots were analyzed, 58 in the light-colored lithology sample (no. VG1) and 58 in the dark-colored lithology sample (no. VG4b).
Because only major and minor elements were analyzed, the EDS method was considered accurate enough and faster than the commonly used more accurate wavelengthdispersive spectrometry (WDS) method in quantitative microanalysis.
Subsequently, two polished thin sections from these two samples (27 mm × 15 mm from the light-colored lithology sample no. VG1 and 12 mm × 14 mm from the darkcolored lithology sample no. VG4b) were prepared. Texture, mineralogical characteristics, and shock features were studied using a LEICA DMLP petrographic microscope at the Czech Geological Survey.
Spectral measurements
The spectral characterization was carried out using an OL 750 automated spectroradiometric measurement system by Gooch & Housego at the Department of Physics, University of Helsinki. The spectroradiometer is equipped with a quartz tungstenhalogen light source, a monochromator, an integrating sphere with a polytetrafluoroethylene (PTFE) coating, and two high sensitivity detectors.
The incident beam has an angle of 10 • with the sample holder normal vector. There is a light trap for specular reflection at the mirror angle. The detector is positioned so that there is no direct reflection from the sample to the detector and all the detected signal is multiply scattered in the PTFE coated integrating sphere. The system is closed during the measurement and there is no stray light.
The detectors use either a silicon detector head (for wavelengths from 0.2-1.1 µm) or a cooled PbS detector head (for wavelengths up to 3.2 µm).
In the diffuse spectral measurement procedure with the spectroradiometer, the spectra of the PTFE coating in the integrating sphere is always measured before the actual target while the target is already placed in the sample holder. By comparing these reflectances and correcting with the known calibration values of the PTFE material, the reflectance spectra, normalized against an ideal diffuser, are obtained.
The reflectance of the light-colored (sample no. VG1), dark-colored (sample no. VG4b), and impact-melt (vein in the sample no. M18) lithologies was acquired in the wavelength range of 500-2500 nm from saw-cut (VG1 and VG4b) or broken (M18) surfaces. The surfaces were rough enough preventing a significant direct specular reflection and were identical to those used for mineralogical characterization. The size of the incident light beam footprint on the target can be varied using slits and apertures in the monochromator. The light-colored lithology sample (no. VG1) had a slightly larger surface area available for the spectral measurement, and therefore a 5 mm slit and a 5 mm aperture were used for this target. Thus, the resulting collimated beam footprint on the target had a diameter of 5 mm. The dark-colored lithology sample (no. VG4b) and impact-melt lithology (vein in sample no. M18) were measured with a 2.5 mm slit and a 3 mm aperture, and the beam footprint on the target was approximately 2.5 mm.
Density and porosity
The density and porosity values were obtained using the mobile laboratory described in [5] deployed at the Ural Federal University, Ekaterinburg. The bulk volume was determined using a modified Archimedean method [6, 7] incorporating glass beads ∼0.3 mm in diameter. Ten sets of measurements per sample were carried out. The method was thoroughly tested and calibrated prior to the measurements using volume standards and the absolute resolution and precision were determined to be ±0.1 cm 3 . The grain volume of the meteorites was measured using a Quantachrome Ultrapyc 1300e He pycnometer. The absolute resolution and the precision of this device are better than ±0.01 cm 3 . Thus, the relative errors of both volumetric methods increase with decreasing sample size. However, compared to the bulk volume, the grain volume is determined with higher resolution and precision. Meteorite masses were determined using a digital OHAUS Navigator scale with 0.1 g resolution and precision. The scale was calibrated prior to the measurements using internal calibration.
Magnetic susceptibility
The magnetic susceptibility of the samples smaller than 2.5 cm was measured using a ZH instruments SM-100 susceptibility meter operating at 8 kHz frequency and 320 A/m RMS field amplitude. For larger samples, a ZH instruments SM-30 portable surface susceptibility meter with a large 5 cm coil operating at the same 8 kHz frequency was used. The values were corrected for the actual sample size following the procedure described in Gattacceca et al. [8] .
The susceptibility of the samples was measured three times along three perpendicular directions. Subsequently, a logarithm of the average apparent magnetic susceptibility (in 10 −9 m 3 /kg) was calculated as described in Rochette et al. [9] . The relative error in the determined value of the magnetic susceptibility logarithm is below 3%.
For the statistical calculations of the density, porosity, and susceptibility, only samples larger than 5 g were considered to be homogeneous enough to be representative of the whole-rock material. As revealed by optical microscopy and SEM imaging, the difference between the light-colored and dark-colored lithologies is in the level of shock. The light-colored lithology is slightly fractured and represents monomict LL5 breccia (Fig. 3) . Individual clasts show slightly different shock features indicating a different intensity of shock metamorphism. The shock features observed in olivine for individual clasts vary from undulose extinction to strong mosaicism which is indicative of shock levels S3 and S4 [11] . The silicate grains show microscopic fracturing. The large intergranular cracks are filled with dark melt veins containing also fine-grained mineral fragments. The silicate composition of this melt is close to that of the surrounding material. Thus, we interpret this melt as an impact-melt originating from the lightcolored lithology.
Results
Mineralogy and shock characterization
The dark-colored lithology is shocked to a larger extent. The material is extensively fractured and abundant impact-melt is present (Fig. 3) . Two populations of melt exist within the dark-colored lithology. The inter-granular space is filled with impact-melt veins containing fine-grained mineral fragments (first population) similar to impactmelt observed in the light-colored lithology. The silicate composition of these melt veins also closely resembles the main meteorite material with the additional presence of clinopyroxene. Additionally, the inter-granular as well as intra-granular fractures are impregnated with a dense network of thin, fine-grained melt veins composed predominantly of troilite and metal (the second melt population). This metallic melt is In the SEM-BSE images, coarsegrained clasts made of olivine and pyroxene surrounded by fine-grained impact-melt lithology veins can be identified in both lithologies. The abundant internal grain fracturing can be seen as darker voids. In the dark-colored lithology, the intra-and inter-granular fractures are filled with sulphide and metal-rich impact-melt (bright material in the SEM-BSE images). Points marked as Ol and Pxn indicate grains with determined composition by energy-dispersive spectrometry (EDS).
abundant through the dark-colored lithology and is the main darkening agent responsible for its optical appearance. The abovementioned findings are similar to these in independent study by Galimov et al. [2] .
Spectral measurements
The spectrum of the light-colored lithology shows broad 1 and 2 µm absorption bands of olivine and pyroxene (Fig. 5) . The overall normalized reflectance is between 0.10 and 0.14. The reflectance of the dark-colored lithology is lower (reflectance in the range of 0.06-0.08) and the 1 and 2 µm absorption bands are almost indistinguishable in the spectrum. The reflectance of the impact-melt is being intermediate between the 
Density and porosity
The results of the density and porosity measurements of the Chelyabinsk meteorites are summarized in Tables 1 and 2 . The bulk density of the individual meteorites ranges from 3.14 to 3.48 g/cm 3 with the mean value of 3.32 g/cm 3 and with s. [12] and no correlation with the meteorite masses is observed (Fig. 6 ). Smaller samples show higher density and porosity scatter. This is most likely due to a higher relative uncertainty in the measured volume values of the smaller samples (as described in the Materials and methods section) and increasing inhomogeneity of the material at smaller scales. 
Magnetic susceptibility
The results of the susceptibility measurements of the Chelyabinsk meteorites are summarized in Tables 1 and 2 . The logarithm of the apparent magnetic susceptibility (in 10 −9 m 3 /kg, Fig. 7 [9] and are closer to the transitional L/LL class (4.60 s.d. 0.11 [9] ).
The susceptibility values are quite uniformly distributed among samples of various masses (Fig. 8) . As magnetic susceptibility in ordinary chondrites mainly reflects the amount of ferromagnetic metallic iron, it is apparent that, compared to typical LL chondrites, the Chelyabinsk meteorites are enriched in metallic iron.
The dark-colored lithology shows slightly higher magnetic susceptibility (similarly to that reported by Bezaeva et al. [13] ) and thus is slightly richer in metallic iron content. However, similarly to the density values, the light-colored and dark-colored material magnetic susceptibility ranges significantly overlap and susceptibility cannot be used as a reliable criterion to distinguish between the two lithologies. [9] . The width of the error bars is equal to the standard deviation.
Discussion
The Chelyabinsk meteorite fragments represent fresh LL5 type chondrite material originating from a small, ∼ 20 m sized meteoroid (small asteroid). The meteorite samples are of petrographic type 5 and were subjected to recrystallization at approx. 700-750 • C. This thermal metamorphism evidence suggests that their parent body must have been originally much larger. Therefore the meteoroid, which collided with the Earth and delivered the Chelyabinsk meteorites, was only a fragment of the LL chondrite parent body.
Moreover, the Chelyabinsk meteorites are composed of three lithologies: the lightcolored, dark-colored, and impact-melt. The mineralogical analysis revealed that these lithologies are derived from the same LL5 chondritic source. The difference between them is in the shock. This gives us a unique opportunity to study effects of high shock on the mineralogy, reflectance spectra, and physical properties of chondritic material.
The light-colored lithology shows lower level of fracturing and the impact-melt lithology is localized to inter-granular space only. In contrast, the dark-colored lithology is shocked up to higher shock level causing higher level of fracturing. In addition to the presence of silicate impact-melt lithology similar to the one in the light-colored lithology, another metal and sulfide-rich melt population impregnating the inter-as well as intra-granular space is present. This metal and sulfide-rich melt is the darkening agent.
The silicate impact-melt lithology rather resembles the characteristics of whole-rock melt and it is present in both light-and dark-colored lithology meteorites. Some meteorites are even dominated by the impact-melt and thus it is distinguished as a third lithology type and should be not confused with the dark-colored lithology. In contrast, the metal and sulfide-rich melt present in dark-colored lithology is rather partial melt and appears uniformly distributed.
The higher shock level observed in the dark-colored lithology can be explained by a single shock event identical to the one in the light-colored lithology, only being stronger due to the darkened material being closer to the impact point. Alternatively, increased shock darkening can be caused by a secondary event affecting a part of the parent body only.
Both shock scenarios seem to be too strong to occur on the ∼20 m Chelyabinsk meteoroid. Thus, the shock most likely took place earlier on the parent body. It is possible that the last high-shock impact event responsible for the darkening and other shock features observed in both lithologies may have also caused the disintegration of the parent body and the origin of the Chelyabinsk meteoroid. Most likely, numerous smaller asteroid fragments similar to the Chelyabinsk meteoroid body were created during this event [14] .
The spectrum of the light-colored lithology is typical for an LL ordinary chondrite with the presence of 1 and 2 µm olivine and pyroxene absorption bands. Such a spectrum is similar to fresh S or Q type asteroids. In contrast, the impact-melt and dark-colored (shock-darkened) lithology spectra are darker and the silicate absorption bands are almost invisible. This characteristic is similar to those reported earlier on other shock-darkened meteorites (e.g. [15] [16] [17] [18] ). Due to these characteristics it was suggested earlier (e.g. [17] [18] [19] ) that shock-darkened chondritic material may be present on the surfaces of some dark asteroids (e.g. C type) and our results support this suggestion. Compared to impact melting, shock darkening seems to be a more efficient process in altering the reflectance spectra and causes small slope change. Shock also affects the albedo and silicate absorption bands of chondrite material in a way similar to space weathering. However, unlike space weathering (or at least unlike its lunar-type form with the presence of nanophase iron in the surface coatings of silicate minerals) there is negligible (impact-melt lithology) to minor (dark-colored lithology) change in the spectral slope observed.
The bulk and grain densities and the porosity of the light-colored and dark-colored lithologies are almost identical. The dark-colored lithology has a slightly smaller average grain density of 3.42 g/cm 3 compared to 3.51 g/cm 3 for the light-colored one. However, the slight difference between the two lithologies is smaller compared to the s.d. of these values. The dark-colored lithology is more fractured. Thus, one would expect a significantly lower bulk density and higher porosity. However, the fractures are filled by melt veins. This explains the observed negligible density differences between the light-colored and dark-colored lithologies. Similarly, the magnetic susceptibility logarithm is slightly higher (pointing on a slightly higher amount of metal related to the presence of troilite and metal-rich impact-melt veins) for the dark-colored lithology, but the difference is again within the s.d. and the susceptibility (as well as the density and porosity) values cannot be used to distinguish between the two lithologies. It was not possible to measure densities, porosity and magnetic susceptibility of impact-melt lithology because it appears only in association with light-colored and dark-colored lithology. However, values measured on meteorites with significant portion of impact-melt lithology (e.g. meteorite no. A2, Table 1 ) do not deviate from others. Thus, despite lithological variety in meteorite material, the Chelyabinsk meteorite shower is rather homogeneous in its physical properties, in resemblance to other meteorite showers reported in Consolmagno et al. [20] .
Conclusions
The Chelyabinsk fireball with an almost instant recovery of a large number of fresh meteorites is one of the most spectacular meteorite fall events in the recent history. The recovered meteorite material was characterized as brecciated LL5 ordinary chondrite. Based on the magnetic susceptibility being in the intermediate range between LL and L chondrites, the Chelyabinsk meteorites are richer in metallic iron as compared to other LL chondrites. The measured bulk and grain densities and the porosity closely resemble other LL chondrites. Three lithologies, the light-colored, darkcolored, and impact-melt lithologies, were found within the recovered meteorites.
The impact-melt is silicate-rich and is present within the light-colored and dark-colored lithology stones as dark inter-granular veins. In the dark-colored lithology, additional fine-grained metal and sulfide-rich melt forming a dense network of fine veins im-pregnating the inter-and intra-granular pore space is present. This metal and sulfiderich melt is related to a higher shock experienced by the dark-colored lithology and is the main darkening agent.
The presence of the LL5 lithologies of distinct shock levels enables us to study shockgenerated changes in the spectral and physical properties of chondritic material.
Both impact-melt generation and shock darkening cause a decrease in reflectance and a suppression of the silicate absorption bands in the reflectance spectra. Shock darkening seems to be a more efficient process in altering the reflectance spectra. Such spectral changes are similar to the space weathering effects observed on asteroids. However, space weathering of chondritic materials is often accompanied with significant spectral slope change (reddening). In our case, only negligible (impact-melt lithology) to minor (dark-colored lithology) change in the spectral slope is observed. Thus, it is possible that some dark asteroids with invisible silicate absorption bands may be composed of relatively fresh shock-darkened chondritic material. The main spectral difference of asteroid surfaces dominated by impact-melt or shock darkening, or space weathering, is a significant slope change (reddening) in the latter case.
Shock darkening does not have a significant effect on the material physical properties. The increased shock causes fracturing with expected porosity increase and bulk density decrease. However, this is compensated by impregnation of the fractures by fine-grained sulphide and metal-rich melt having an opposite effect on the porosity and bulk density. The presence of sulphide and metal-rich melt is responsible for the slight increase of the magnetic susceptibility observed in the dark-colored lithology.
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